ABSTRACT Magnesium and manganese have proved physically and functionally interchangeable in many isolated biological systems investigated in vitro. This lack of discrimination contrasts sharply with the high biological specificity exhibited by intact mammals under a large variety of conditions. The dichotomy between intact animals and their isolated systems might be due at least partially to presence vs. absence of an intact circulation. Hence the capability of mammalian plasma to discriminate between the alkaline earth and the transition metal was investigated by means of equilibrium dialysis, exchange, ultrafiltration, ultracentrifugation, and zone eleetrophoresis. The states of the respective elements are thus contrasted as follows: (a) Magnesium is partially bound, manganese totally. (b) Magnesium is nonselectively bound by serum proteins, manganese selectively by a fix-globulin. (c) Under conditions approaching physiological, the two metals do not interchange. This is interpreted as indieating that the plasma proteins contribute to biological specificity by discriminating between a trace metal and a macronutrient.
I N T R O D U C T I O N
Magnesium and manganese are physically and functionally interchangeable in m a n y isolated biological systems studied in vitro. This interchangeability has been found in studies of antibiotic effects (1); of enzymatic activities (2-4); of metal deficiency (5, 6) ; of oxidative phosphorylation (7, 9) ; of fatty acid synthesis (8) ; of metal transport (10) ; and of mutagenic effects (11) . It was even proposed that such results could be expected from the similar eomplexing tendencies and crystal chemistry of these metals (12) (13) (14) . Yet, a striking biological specificity characterizes these metals in mammalian organisms, as exemplified by the entirely different consequences of manganese vs. magnesium deficiency (15) . These differences suggest that the trace amounts of tissue manganese exert essential functions in the presence of the comparatively large concentrations of magnesium. Indeed, in one mammal, manganese-mag-nesium exchanges could not be demonstrated, whereas exchanges of 54Mn with 55Mn could be readily induced (16) . This led to the postulation that "there exists a segment in the pathway of manganese through the body, the properties of which permit the passage of that metal only" (16) .
The present paper pertains to a search for such a segment. Normal circulation of blood was lacking in the isolated biological systems in which the respective alkaline earth and transition metal substituted for each other (17) . Therefore, the blood plasma might be capable of discriminating between magnesium and manganese. The experiments reported here indicate that a ill-globulin binds manganese in a manner which permits its exchange with manganese while it essentially prevents its exchange with magnesium.
MATERIALS AND METHODS
Human serum or plasma was obtained from hospitalized patients with normal blood cytology and chemistry, and from healthy laboratory workers. The blood was collected without anticoagulant with "Peelaway ''® disposable syringes (18) in which it was centrifuged at 800 g (19) for 30 min. Bovine and rat serum were obtained in a similar manner. Carrier-free manganous chloride (~MnCI2) half-life 314 days decaying by K electron capture and 0.84 Mev ~-emission (20) , was obtained from the Nuclear Science and Engineering Corporation (Pittsburgh, Pa.) (500 #c per ml in 0.1 N HCI). Aliquots were added to the samples to obtain a final activity of 1 /~c/ml. The pH was not changed by this addition.
Magnesium chloride (2SMgC12) specific activity > 30 /zc per g, decaying by a -~-cascade and B-emission (20) was obtained from the Hot Laboratory Division at Brookhaven.
The radioactivities were assayed in a well-type sodium iodide scintillation counter with 23 % efficiency (about 5 X 105 cpm/#c) for both radioisotopes. Irradiation dose rate to the samples, estimated through the use of a nomogram (21) , never exceeded 100 millirad per hr.
The manganese concentration (~6Mn) in the samples was determined by neutron activation analysis with a method presented earlier (22) . Magnesium concentrations were determined by atomic absorption using a Perkin Elmer 303 spectrophotometer with magnesium sulfate as standard and 0.25 % aqueous strontium chloride as diluent (23) . pH determinations were carried out with a Beckman Zeromatic glass electrode assembly.
Protein concentration was determined by a modified biuret method (24) using an automated Autoanalyzer ® system at 40 samples per hr. The biuret analyses were standardized for each batch of plasma with a rnicro-Kjeldahl method (25) .
One of the systems used for ultrafiltration is shown in Fig. 1 A. Ultraffltrates of plasma or serum (1.0 hal) were obtained by using a centrifugal field of 300 g for four to five periods, each lasting about 1 hr. The membrane used is described below under equilibrium dialysis. The gas phase was (5 % CO~95 % 02). The initial output of the ultrafiltrate was about 0.1 ml/hr, but the output decreased exponentially with time.
T h e ultrafiltrate was weighed and its radioactivity determined. At the end of each ultrafiltration the concentrated plasma solution was assayed for radioactivity and occasionally also analyzed for protein by zone electrophoresis.
A n alternative procedure (Fig. 1 B) permitted ultrafiltration through the use of gas pressure instead of centrifugal force. T h e air spaces were flushed with the 5 % CO2-95 % O, gas mixture and the pressure in the system was raised to 300 m m Hg. This method avoided contact of the plasma with glass, while allowing ready sampling and constant inspection. Equilibrium dialysis was usually performed according to Hughes and Klotz (26) using a 36/100 ft dialysis tubing from Union Carbide Corp., Visking Div., Chicago, Ill. T h e manganese content of a batch of this m e m b r a n e was 116 m p g / g dry weight, but after it was immersed overnight at room temperature in an alkaline E D T A solution (Radiacwash 1) and rinsed in triple distilled water (27) , its manganese concentration was halved. Whenever indicated, equilibrium dialysis was performed in an all-plastic assembly, 2 using the same membrane.
For ultracentrifugation samples of plasma were submitted to centrifugal fields of 70,000 g for 16-20 hr at 4°C using a Spinco Model L ultracentrifuge with rotor S-40.
The resulting protein gradient was fractionated with a minimum of mechanical disturbance in the cold room using an all-plastic assembly. Contamination with manganese was thus minimized (28). 1 ml fractions were collected from each tube using a drop-controlled fraction collector. 8 Each fraction was diluted to a known volume; radioactivity and protein concentrations were determined in each. Zone eleetrophoresis was done in Durrum cells (29) with Whatman No. 3 paper. The buffer was sodium barbital, pH 8.6, 0.05 M. The manganese content of three different batches of this buffer was 1.52, 1.30, and 1.11 #g per liter. Runs were conducted at a voltage gradient of 3 v/cm at 1.5 mamp/cm strip-width intensity during 16 hr at room temperature. After drying, each strip was divided longitudinally into halves. One half was fixed and stained by the aqueous bromophenol blue method (30) . The other half was cut into small segments corresponding to each protein zone and to each space between. Radioactivity was individually determined for each segment.
The following reagents were used: Manganous chloride (Allied Chemical Corp., Morristown, N. J.), Magnesium sulfate, Baker analyzed stock No. 2500, lot No. 1265 (contained 640 m#g SSMn/g on triplicate neutron activation analysis). The barbital buffer used was Beckman Spinco (buffer B-2 contained the amounts of 55Mn indicated above.)
O B S E R V A T I O N S
Ultrafiltration The results of some ultrafiltrations of h u m a n sera are shown in Fig. 2 . These were obtained at 4°C with both methods. As in all experiments run, the results showed very low concentrations of 54Mn in the ultrafiltrate. Furthermore, progressive ultrafiltration of the same sample showed that the output of radioactivity diminished more rapidly than the output of ultrafiltrate. Hence, these findings contrasted with those obtained by others studying magnesium. These showed that 57-84% of serum magnesium was ultrafilterable and this value seemed independent of the duration of ultrafiltration (35) (36) (37) (38) (39) (40) (41) (42) .
Equilibrium Dialysis
In initial experiments, 1 rnl of h u m a n serum containing 1-2 #c S4Mn was dialyzed in the cold in a bath consisting of 300 ml of 0.1 M NaC1 or KNO3 (pH 6.8-7.0). The radioactivity lost from the serum was negligible (Fig. 3) unless the bath was 0.02 M MnSO4. In the latter case a rapid, prolonged loss of the radioactivity occurred which proceeded at a complex exponential rate. Exhaustive dialysis against various SSMnSO~ solutions failed to remove the last 0.8-1.0% of 54Mn from the serum. Such an experiment is illustrated in Fig. 4 . Here the dialysis was continued without changing the bath for 66 hr. In two experiments with different sera, the baths contained the manganese concentrations indicated.
In subsequent experiments the plastic equipment was used to dialyze 1 ml Aliquots of human serum (1.0 ml) containing 54Mn were dialyzed either against 300 ml of neutralized 0.1 M KC1; or this solution with added MnSO4 (6. I X 10 -5 M) ; or MgSO4 (9.9 X 10 -5 M). The p H of all the baths was 7.0. After 24 hr of dialysis at 4°C the per cent of radioactivity lost by these aliquots was 12-19% of the original in the control baths, 75% in the serum dialyzed against the manganese solution, and 19% in the serum dialyzed against the magnesium-containing bath. These experiments were repeated with magnesium concentrations in the dialysis baths grossly exceeding physiological limits. When the MgSO4 concentration was 4.0 × 10 -8 M, 7 6 % of the 54Mn metal, namely the sum of the "free" manganese plus that bound to micromolecules. Whereas manganese was overwhelmingly protein-bound, proteinbound magnesium was only about 30% of the total. This was calculated from the following: total Mg --65 #g/ml; nonprotein-bound Mg --42 #g/ml. Electrophoresis Solutions of carrier-free 54Mn and mixtures of 54Mn + 65MnSO4 Showed on electrophoresis a rapid migration of the radioactivity towards the negative electrode in the form of a single component. In spite of the alkaline pH and the presence of oxygen, no measurable radioactivity remained at the origin, suggesting that manganic oxides did not precipitate significantly. In contrast to these protein-free systems, electrophoresis of plasma containing 5*Mn yielded results such as those shown in Fig. 6 . In this figure there are presented the means and ranges of 1 0 separate analyses on 1 0 
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Elcctrophorcsis of human scra containing SMn. 4 hr prior to rapid exsanguinafion. Both electrophoresis and ultraftltration of these sera gave results identical to the respective earlier ones in which human or bovine sera were studied. When the/3-globulins of human sera were split electrophoretically into ~t and/3~ by the addition of 1.2 mM Ca lactate to the buffer (40), the protein-bound radioactivity migrated almost exclusively with the/3t-group of globulins. Experiments with bovine and with rat serum yielded identical results. In all these experiments a trace of radioactivity was associated with the albumin fraction. A similar distribution of the radioactivity was encountered after addition of MgSO4 to human sera (Fig. 7) . The apparent failure of magnesium to exchange with the/31-bound ~4Mn was confirmed with bovine sera. When the magnesium concentrations were extended over an additional log unit, little if any diminution of the 13-bound radioactivity became evident, whereas the radioactivity associated with albumin (0.5% of total) declined significantly.
D I S C U S S I O N
The proportion of total serum magnesium bound to protein has been extensively investigated by others as is shown in Table I . These values are similar in magnitude to those calculated from our ultracentrifugal experiments. By contrast, manganese was shown to be almost totally protein-bound by all four methods used here. With regard to protein-bound magnesium, it is reported that: "There are as many undissociated magnesium proteinates as there are discrete proteins in plasma . . 2' (41). The electrophoretic experiments reported here with 54Mn showed essentially a single protein fraction, determined by paper electrophoresis, as binding manganese. The latter finding held true regardless of whether the tracer was administered in vivo or in vitro. These observations seem credible on both experimental and theoretical grounds. Experimentally, the proportion of the radioisotope added that was recovered with the 13t-globulin fraction was sufficient to support the hypothesis of a single protein as the manganese-binding site in plasma, Theoretically, the electromotive force could possibly dissociate progressively a given metal-protein complex, but there is no evidence that the relatively small forces used could induce the formation of artificial complexes (29) . Furthermore, the experiments presented here agree with the corresponding ones of Himmelhoch et al. (42) .
Both dialysis and electrophoresis did show exchanges between magnesium and manganese, but only with magnesium concentrations grossly exceeding physiological limits. Exchanges between 54Mn and 5rSMn , on the other hand, could be demonstrated with much smaller concentrations of manganese. This indicated that the binding sites of the f~a-globulin fraction of serum had a much higher affinity for the transition group metal than for the alkaline earth.
T h e sum of this evidence contrasts the respective states of these metals in serum with regard to the proportion of protein-bound metal; with regard to their receptor proteins; and with regard to their mutual interchange. Subject to appropriate confirmation, these marked differences between these two metals can be assumed to indicate that their respective carrier systems in serum contribute to their biological specificity. 
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